Germanium telluride (GeTe) is a phase change material (PCM) that undergoes an exponential decrease in resistance from room temperature to its transition temperature at approximately 200 °C. Its resistivity decreases by as much as six orders of magnitude between amorphous and crystalline phases as it is heated. Chalcogenides such as GeTe have been utilized typically in nonvolatile optical memories such as CDs, DVDs, and Blu-ray discs, where the change in reflectivity between phases gives enough contrast for ON and OFF bits. Research over the past several years has begun to characterize the electronic control of PCM thin films for advanced electronic memory applications. By applying a voltage to control its resistance and crystallinity, GeTe has become a candidate for ultra-fast switching electronic memory, perhaps as an alternative to Flash memory. In this research, micro-scale PCM cells were fabricated using RF sputtering of a GeTe target and electron-beam evaporation on c-Si, SiO 2 /Si, Si 3 N 4 /Si, and Al 2 O 3 . Characterizations of the crystallization process were completed with spectroscopic ellipsometry (SE), varied voltage, and varied temperature in order to draw a comparison of the switching mechanism between thermally and electronically induced transition. The results show an optical contrast of ∆n + i∆k = -0.858 + i1.056. Heat conduction experiments prove a growthdominated crystallization and fracturing of conductive crystallites when deposited on Al 2 O 3 . PCM cells exhibit memory-like I-V curves for smaller cell dimensions according to the trap-limited conduction model in chalcogenides. RF structures show the capability of being utilized as improved RF switches.
INTRODUCTION
Germanium telluride (GeTe) is a chalcogenide glass and phase change material (PCM) which exhibits negative differential resistance as it is heated from its amorphous phase due to a crystallization which is reversible. The resistivity of GeTe may decrease by as much as six orders of magnitude between room temperature and its glass temperature, T g 1 . The applied stimuli have worked well as laser pulses 2 but research of transitions via conductive heating and Joule heating 3 are not as common. Associated with crystallization is an increase in optical reflectivity which has been exploited for optical data storage, e.g., CDs, DVDs, and Blu-ray discs 4 . The PCM thin films in optical media are typically deposited between two layers of dielectrics atop a metallic layer, which serve to maximize the contrast of reflectivity between ON and OFF states and also to rapidly cool the PCM when heated 5 . The deposition of complex chalcogenide materials to optimize read/write times by laser pulses and data retention has largely been an empirical process spanning the last 30 years 6 . PCMs researched for the purpose of optical memory are various stoichiometries of GeSbTe, InSbTe, AgSbTe, GaSbTe, and GaSb, among others 6 .
The study of GeTe films for data storage was pioneered by Chen et al. 7 in 1986. Two commonly used elements in PCMs, Te and Sb, are unstable in their amorphous phase but cross-linking with other elements such as Ge, As, and Se increases their stability 7, 8 . Crystallization of PCM cells is characterized by nucleation of crystallites followed by growth of these sites. In growth-dominated materials, the crystallites grow from the interfaces of the material, whereas in nucleation-dominated materials, crystallization begins primarily in the inner bulk of the material 5 . Typically the nucleation rate is much shorter than the growth rate 6 , but by decreasing the interfacial area of the cell the growth rate is reduced. Crystalline GeTe (c-GeTe) is relatively well understood. It is known to be p-type exhibiting a degenerate degree of conduction 9 . Density functional theory calculations have shown the discrepancy between larger bandgaps and actual metallic conductivity is due to Ge vacancies which contribute two holes to the valence band. These vacancies are the most common defect and are formed with low formation energies 9 . Hence it has been proposed that vacancies in chalcogenides cause p-type conductivity and may play a role in nanosecond-order switching and accommodate the volume change in reversible phase switching 10 . The vacanices are estimated to comprise ten percent of the Ge sublattice 11 . X-ray diffraction measurements indicate the crystalline cell structure is rhombohedral which is a slighly distorted NaCl configuration 12 . In this structure, angles α = β = γ = 88.37°, and lattice parameters a = b = c = 5.98 Å, at room temperature 13 . Electronic conduction in c-GeTe is reliant on a high hole conentration of 8 × 10 20 cm -3 ; as expected, GeTe has a rather low carrier mobility of 55 cm 2 V -1 s -1 at room temperature 13 .
The amorphous phase of chalcogenides is regarded as more complex than the crystalline phase. While c-GeTe is ohmic, amorphous GeTe (a-GeTe) displays several types of conductivity. From its initially very resistive state, conductivity increases exponentially until a threshold point is reached, and then conductivity increases even more drastically 14 . This threshold switching is critical for amorphous (highly resistive) PCMs because it reduces the current required to heat the PCM cell to its crystalline state. Low power consumption is a major concern for battery-powered RAM in the future. The threshold criterion is actually dependent on the electric field which is elaborated upon in the results 14 .
PCMs have been used recently in nonvolatile memory called Phase Change Random Access Memory (PCRAM) or Ovonic Universal Memory (OUM). Flash memory has been a commercial success due to its nonvolatility, durability, low power consumption, and low cost 15 ; however, programming voltages become too high when scaled to nanometer sizes and it has rather long write times (> 10 µs) 16 . There are currently three major contenders for succeeding Flash as the next nonvolatile memory: Ferroelectric RAM (FeRAM), Magnetic RAM (MRAM), and PCRAM 16 . This paper addresses the use of GeTe specifically, and chalcogenides in general, for their application to PCRAM.
In addition to electronic memory applications, the authors report on the RF switching properties of GeTe. PCMs, in particular GeTe, have recently been incorporated into RF switches for their intrinsic ON and OFF properties in crystalline and amorphous phases, respectively 17, 18 . A simple RF electronic switch is fabricated, and it demonstrates excellent switching properties.
EXPERIMENTAL PROCEDURE

Fabrication
Various forms of microelectronic PCM cells were fabricated using an active layer of GeTe and metal layers. Metals were deposited by electron-beam evaporation in the composition of 100 Å Ti beneath 1,000 Å Au. (The Ti layer was used for adhesion.) Lift-off was used to remove films masked by positive photoresist. GeTe was deposited by RF sputtering of a Ge 0.5 Te 0.5 target (99% purity) at 10 mTorr chamber pressure, 20.1 sccm Ar, 300 W power, for 2 minutes. No substrate heating was used, and resultant thin films were used as-sputtered without annealing. Processing temperatures did not exceed 110 °C. The devices shown in Figure 1 (a-b) were fabricated on several substrates, e.g., (100) crystal silicon (c-Si), SiO 2 /c-Si, Si 3 N 4 /c-Si, and c-plane sapphire (Al 2 O 3 ). SiO 2 was thermally oxidized at 1,000 °C and is 300 nm thick. Si 3 N 4 was deposited by PECVD and is 100 nm thick. Spectroscopic ellipsometry was accomplished on GeTe thin films coated uniformly on c-Si. 
Spectroscopic Ellipsometry
where "p" signifies light polarized in the plane of incidence and "s" is polarized orthogonal to this plane. The phase shift between incident and reflected light is Δ, and the ratio of reflected to incident amplitudes is Ψ = ℛ |ℛ | ⁄ . From these values of ℛ and ℛ , the extracted values of index of refraction , extinction coefficient , and film thickness are determined. These three output parameters are linked by the expression for the thin film, = 2 ⁄ ( − ) , where is the angle in the thin film between incident light and the top surface of the thin film. An exponential relationship exists between and ℛ and ℛ 19 .
Two dispersion models are used to fit the SE GeTe data. The Tauc 
where in the equation, is the peak strength, is the broadening term, is the bandgap energy, and is the position of the peak.
is obtained by Kramers-Kronig integration; is the high frequency dielectric constant equivalent to ( = ∞) and is the Cauchy principal part of the integral 20 . Additionally, the Classical dispersion model is used for c-GeTe. It is expressed as the sum of four terms as
where the first term is the high frequency dielectric constant, the second is the Lorentz oscillator, the third is the Drude oscillator, and the fourth term is for two additional oscillators, if needed 21 . is the static dielectric constant at zero frequency equivalent to (ω = 0), is the resonant frequency of the Lorentz oscillator, Γ is the broadening (damping) of the Lorentz oscillator, is the plasma frequency where = 0, Γ is the collision frequency where = , is the oscillator peak strength, is the resonant frequency of each oscillator peak, and is the broadening of each oscillator peak 21 .
Material dispersions were created for a-GeTe and c-GeTe using these two models by fitting the and curves to the measured data. The above parameters were iteratively modified until good fits were achieved. Goodness-of-fit is measured in terms of , where the criterion ≤ 1 is used.
Thermal Characterization
Crystallization via conduction presents the greatest change in resistivity of PCMs. Joule heating and light-induced heating are localized to a limited area and as such, crystallization is limited by the contact area of the heater or spot size of the laser. In this experiment, samples were placed on a brass platform atop a ceramic heating plate. Temperature was measured using a thermocouple with its wires tightly sandwiched between the brass and ceramic plates. Air flow in the area of the sample was minimal. Resistance was measured with a multimeter connected to a probe station. The test setup was checked by measuring the resistance of an aluminum thin film on c-Si; resistance of less than 5 Ω was measured-which includes the thin film, contact resistances, probes, and wires. The glass temperature, T g , is determined from a drop in resistivity of approximately four orders of magnitude. This temperature is difficult to measure exactly due to the sudden drop. An exponential decrease in resistance prior to T g is characteristic of chalcogenides.
Electrical Characterization
In practical applications, power pulses are applied to set ON (crystalline) or reset OFF (amorphous) bits for memory storage. Crystallization can occur without limitations to the pulse width, i.e., a DC current can crystallize a PCM cell but is typically not shorter than 85 ns 22 . In order to amorphize the resistor, it must be sufficiently heated past its glass temperature and then quickly cooled. Therefore, reset pulses must be short, approximately 8-10 ns with rise and fall times on the order of 5 ns 22 . The required pulse height can be determined from a DC I-V experiment, as in this paper.
RF Switching
Proof-of-concept testing was completed for a two-port RF network by measuring S parameters over the frequency range 10 MHz -20 GHz. The S parameters in a two-port network are defined as
where terms are wave components traveling away from the i th port, and terms are wave components traveling toward the i th port. It follows that 
Therefore is the reflection coefficient for port 1, and is the insertion loss from port 1 to port 2 23 .
The RF switch of Figure 1 (c) comprises the RF network. Because this network is bi-directional, = , and because port 1 is considered the input port, the term is neglected. The results contain data on and , to represent the reflection and transmission coefficients, respectively. There is no power required to maintain this switch in its present state, only to switch the GeTe cell from amorphous to crystalline, or vice versa.
RESULTS AND DISCUSSION
Spectroscopic Ellipsometry
All samples were analyzed with a 70° angle of incidence and a spectral range of 1.50 -6.50 eV at intervals of 0.05 eV. Samples were analyzed ex situ before and after heating (amorphous and crystalline phases, respectively). Goodness-offit values were less than 1 (very good fit) and non-diagonal values were approximately zero. As stated previously, the Tauc-Lorentz model was used for a-GeTe, and the Classical model was used for c-GeTe.
The results show that the optical bandgap energy of the amorphous phase is 0.72 eV, which is ten percent smaller than 0.8 eV observed by Park et al. 24 . The increase of extinction coefficient from amorphous phase to crystalline phase is indicative of increased absorption, primarily in the infrared wavelengths. The absorption coefficient is related to by Photon Energy (eV) Photon Energy (eV) Photon Energy (eV) Photon Energy (eV) 0 where is the light intensity at the surface of the thin film and ( ) is the intensity at distance 19 . The largest increase of occurs at 1.75 eV (709 nm), where it increases to 4.5. By using equations (7) The contrast for optical phase change media is quantified as ∆ = ∆ + ∆ , where the amorphous and values are subtracted from the crystalline values. This is typically done at 405 nm, which is the Blu-ray wavelength 4 . In this case for GeTe, ∆ + ∆ = −0.858 + 1.056 at 407 nm (3.05 eV). The contrast decreases for shorter wavelengths, which has created a challenge for engineering optical media for Blu-ray and beyond. Additionally, the ε i peak is broad in the amorphous phase, as expected, which corresponds to a smearing of electronic states.
These data correspond to other FTIR experiments where the broadband absorption increases from amorphous to crystalline phases along the infrared spectra. Additionally, the in situ rate of increase in absorption seems to proportionately follow the rate of decrease in resistivity-a monotonic relationship with the largest change occurring at the glass temperature. Figure 3 shows the resistance vs. temperature data for GeTe devices on four different substrates. Note that while a nonvolatile transition is typical for GeTe, only a nonvolatile transition was observed with the substrates coated with dielectric layers. The bottom plots, c-Si and Al 2 O 3 , do exhibit a large decrease in resistance; however, the transition is volatile because the resistance returns to its original value once the PCM cell is cooled. Additionally, the resistance of the PCM cell on Al 2 O 3 is greater than the other substrates, which has been observed with all the devices fabricated. All resistors undergo six orders of magnitude change in resistance except for c-Si, which has only three orders of magnitude change. While this observation of volatile phase transitions in GeTe is remarkable, we do not directly attribute the volatility to any change in stoichiometry or interaction between the substrates and the thin films; it is due to heating of the substrates during fabrication. The heat transfer via conduction through one material, , and through two materials, , are expressed as
Thermal Characterization
where is the high temperature, is the low temperature, is the thickness of the material, is the thermal conductivity of the material, is the cross-sectional area through which the heat is conducted, and is the interfacial thermal resistance between the two materials 25 . By dividing by the area, the denominator terms of ⁄ for the l th layer become thermal resistances in units of m , located in the final column of Table 1 , is defined here as thermal conductance which is the reciprocal of the total thermal resistance.
As seen in the table, heat is conducted through c-Si more than the other three substrates. (This is reinforced by the resistance of GeTe on c-Si being an order of magnitude lower at room temperature.) From these observations, some important conclusions can be drawn regarding the crystallization process via conduction of GeTe. The phase transition of GeTe is growth dependent, meaning crystallites form primarily from the interfaces. In Figure 3(a-b, d ), a typical crystallization occurs because there is a good quality growth from the GeTe/substrate interface upward into the thin film. The heat source in this experiment is below the substrate and as heat travels vertically through the substrate, dielectric layer, and GeTe, new crystallites are formed. In Figure 3(c) , areas of crystallites exist at low temperatures. As the heat travels upward through the pockets of crystallites, the decrease in resistance is somewhat sporadic. New crystallites form poor interfaces with existing crystallites which precludes the permanent formation of a solid crystalline film.
When sputtering a-GeTe on c-Si witness samples, and without heating on a hot plate, the transition occurs normally as seen in Figure 3(a-b) . 1.4 (26) 214 × 10 -9
Si 3 N 4 100 × 10
0.03 (27) 33.3 × 10 0.11
The process in Al 2 O 3 appears to occur normally until the temperature is reduced, at which point the thin film's resistance increases to almost its original value; however, it is clear that it crystallizes. This may be due to the disparity in coefficients of linear thermal expansion. These coefficients (units of 10 , and GeTe 31 are 0.5, 2.8, 2.5, 5.3, and 0.56, respectively. Therefore the order of magnitude difference in thermal expansion between Al 2 O 3 and GeTe may cause fracturing of the conductive crystallites within the thin film as it is cooled. Figure 4 shows the I-V data for GeTe cells on four different substrates. In Figure 4 (b), the typical I-V characteristic curve for PCRAM is observed. Conductivity is seen to increase linearly and then exponentially until it reaches a threshold voltage, , between 30 V and 30.8 V. An inward snap of the I-V curve is apparent, whereby the voltage in the cell is reduced and the current increases (large increase in conductivity). The subsequent voltage is called the holding voltage, 32 . Once it is reached, the current increases with very little change in ; however, some negative differential resistance (NDR) is seen in this region as well. The high levels of current provide enough Joule heating to crystallize the GeTe thin film. Once the power is reduced, the conductivity is ohmic due to the crystallization.
Electrical Characterization
These observations match those of Ielmini and Zhang based on their analytical model of subthreshold switching in chalcogenides 14 . In their model, the current in the subthreshold region is expressed as A , 0 a qV 2 e x p s i n h kT kT 2u
where is the electron charge, is the cross-sectional area of the PCM cell, , is the integration of the trap distribution above the Fermi level, ∆ is the intertrap distance, is the characteristic attempt-to-escape time for a trapped electron, is the conduction band energy, is the Fermi level, is the thermal energy, is the applied voltage, and is the thickness of the PCM cell from one electrode to the other. The ℎ term comes from a balancing of forward and reverse current which is important for small (recall that 2 sinh = − ). They reason the barrier height − between two donor-like traps is reduced by an increment ∆ by an applied electric field . As the field increases, the barrier is reduced and electrons flow into the conduction band via thermal emission over the barriers or by direct tunneling through the barriers. This barrier height reduction is equivalent to
One important observation is that their model is valid for vertically integrated PCM cells where the electrodes are above and below the chalcogenide material. Therefore is both the thickness of the thin film and the distance between electrodes (~30 nm). As increases in their model, resistance increases, subthreshold slope of current decreases, and threshold voltage increases 14 .
Based on this relationship between and conductivity, the results in Figure 4 can be explained. In the horizontal design in Figure 1(a) , is actually three orders of magnitude larger (30 µm). In the c-Si case, the effective is decreased due to partial crystallization of the bottom portion of GeTe. It can be assumed that there are pockets of crystalline areas because the heat transferred during fabrication was not great enough to create a solid crystalline film. In the case of the others in Figure 4 (c-d), is too large to generate substantial current. The starting resistance is an order of magnitude larger than c-Si, the subthreshold slope is shallow, and the threshold voltage is not reached; however, NDR is visible in all three cells. These non-idealities do not mean that amorphous chalcogenides cannot be used for threshold switching. If was shorter (~1 µm), typical memory curves like Figure 4 (b) would be expected with a smaller threshold voltage ( = ⁄ ). The horizontal design is simpler than the vertical design because it requires fewer lithography steps and fewer requirements are placed on the electrode materials 16 . By using electron-beam lithography for 1-µm-long or shorter cells for the horizontal structure in the future, programming power can be reduced. Additionally, dielectric substrates reduce the power losses due to their low thermal conductivities.
RF Switching
Two technologies currently used for RF switches are p-i-n diodes and MESFETs. These have limitations such as high forward bias resistance and performance degradation at high frequencies 23 . PCMs such as GeTe have been explored as possible RF switching materials due to their high contrast of resistance between crystalline ON and amorphous OFF states 17 . A simple RF resistor was fabricated (Figure 1(c) ) and S parameters were measured over the range of 10 MHz to 20 GHz. Frequency (Hz) Figure 5 . S parameters measured on the GeTe RF switch displayed in Figure 1 (c) on c-Si substrate. In the amorphous phase the signal is strongly reflected, and in the crystalline phase the signal is mostly transmitted. Note that -10 dB and -20 dB correspond to 31.6% and 10% of full signal strength, respectively.
Within this range, the results in Figure 5 show OFF characteristics with 55 dB attenuation up to 100 MHz and ON characteristics with about 5-10 dB attenuation. In the crystalline state at 10 MHz, (transmitted) is at -3 dB and (reflected) is -11 dB; this difference increases as frequency approaches 20 GHz. The resistances of the signal line in ON and OFF states are 75 Ω and 3.5 MΩ, respectively. By decreasing the width of the cell, a 50-Ω ON state could be achieved, which would minimize losses and optimize GeTe for its use as an RF switch.
CONCLUSION
The GeTe amorphous-to-crystalline phase change was investigated optically, thermally, and electrically. PCM cells were fabricated by RF sputtering amorphous GeTe on four types of substrates. Spectroscopic ellipsometry was used to investigate the optical properties of both phases. The PCM cells showed six orders of magnitude decrease in resistance as they were heated to their glass temperature. Atypical, volatile phase changes were observed for some PCM cells when heated beyond their glass temperature. Additionally, cyclical I-V curves characteristic of memory devices were only present in samples with a shorter length between the electrodes. These results show that the volatility of chalcogenide phase change materials can be engineered based on fabrication processes, PCM cell dimensions, and choice of substrate. Finally, GeTe was demonstrated as an ideal material for RF switches.
